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Entanglement drives nearly all proposed quantum information technologies. By up-converting
part of a 1550 nm two-mode squeezed vacuum state to 532 nm, we demonstrate the generation of
strong continuous-variable entanglement between widely separated frequencies. Nonclassical corre-
lations were observed in joint quadrature measurements of the 1550 nm and 532 nm fields, showing a
maximum noise suppression 5.5 dB below vacuum. Our versatile technique combines strong nonclas-
sical correlations, large bandwidth and, in principle, the ability to entangle the telecommunication
wavelength of 1550 nm with any optical wavelength.
There has been continuous interest in investigating
long-range quantum information networks, for reasons
both fundamental [1] and applied [2]. Due to extremely
long coherence times, and the relative ease with which
they can be manipulated, optical modes are commonly
considered to be the best means of distributing entan-
glement over large distances. Established fiber-optic
technology offers relatively high transmission efficiency
for wavelengths in the telecommunication band around
1550 nm, where scattering and absorption rates leading
to photon loss are minimal.
Entangling frequency modes of optical fields has at-
tracted increased attention in recent years, as a quantum
network would rely on interfacing light at telecommuni-
cation wavelengths with matter-based quantum memo-
ries that are addressable at visible wavelengths. A true
quantum information network would incorporate a num-
ber of nodes, where quantum states could be stored and
even processed. These nodes could generally take the
form of single atoms [3], atomic ensembles [4, 5] or solid-
state systems [6, 7]. This implies that the reversible
mapping of quantum states between optical and mate-
rial modes will necessarily be ubiquitous in quantum net-
works. As almost all current quantum memories operate
at visible wavelengths, an efficient interface between en-
tangled optical modes at telecommunication and visible
wavelengths is a key capability to demonstrate.
A conceptual scheme of an elementary quantum link
between two nodes of a quantum network is illustrated
in Fig. 1. A source emits two optical beams at telecom-
munication wavelength prepared in an entangled two-
mode squeezed vacuum state, and each beam is sent to
one node of the quantum network. To enable efficient in-
terfacing with quantum memories, the transmitted light
beams are frequency up-converted, and their quantum
state is stored in quantum memories [8] for further pro-
cessing. This schematic can represent, e.g., an elemen-
tary segment of a quantum repeater [9–11], where effi-
cient transmission of light over short distances would be
combined with local processing of stored quantum states,
entanglement distillation and entanglement swapping, to
efficiently establish quantum correlations over arbitrarily
large distances.
Previous work has demonstrated the interface between
telecommunication and visible wavelengths with entan-
gled photon pairs [12], and storage in a quantum mem-
ory of single photons up-converted from telecom to visi-
ble wavelength has been reported [13]. In contrast to this
discrete-variable (DV) encoding of quantum information,
we focus on an interface for continuous-variables (CV),
which is more general, as the states are not restricted to a
limited Hilbert space. The main advantage of CV encod-
ing is that it allows for deterministic quantum operations
[14–16], and benefits from well-established measurement
FIG. 1. (Color online) Conceptual schematic of an elemen-
tary segment of a quantum network where entangled light
beams establish quantum correlations between two nodes of
the network. Efficient transmission of light is ensured by op-
erating at telecommunication wavelength, and the coupling
to local quantum memories (QM) is enabled by frequency
up-conversion (SFG) of the transmitted light beams.
2techniques such as balanced homodyne detection. There
have been several demonstrations of quantum memories
for CV states [4, 17–21] and the classical benchmark for
memory fidelity has been experimentally surpassed using
displaced two–mode squeezed states [4].
Here we deal with a broadband two-mode squeezed
vacuum state which represents a fundamental resource
for CV quantum information processing [22]. We demon-
strate and characterize frequency up-conversion of one
half of this state from 1550 nm to 532 nm, and we verify
that the quantum conversion preserves the modes’ broad-
band entanglement. It has been previously demonstrated
that CV entanglement can span optical frequencies one
octave apart [23]. However, no “on the fly” wavelength
conversion has yet been achieved. States with nonclassi-
cal characteristics over a broad frequency range are par-
ticularly interesting for channel multiplexing to achieve
higher density information encoding [24], as well as for
time-frequency domain CV quantum computing proto-
cols [25]. Our modular “on the fly” approach is versatile
and can be modified to entangle 1550 nm light not only
with 532 nm but with any other optical wavelength.
FIG. 2. (Color online) Illustration of the experimental setup.
Squeezed vacuum states of continuous-wave light at 1550 nm
are produced in a standing-wave cavity by degenerate type
I optical parametric down-conversion, as described in more
detail in Ref. [26], and split up at a variable beam splitter.
The reflected part is directly sent to a balanced homodyne
detection (BHD) while the reflected mode is up-converted to
532 nm and also detected in a BHD. The sum of the BHD
signals is recorded by a spectrum analyzer (SA).
Our proof-of-principle demonstration of a versatile
continuous variable entanglement interface is based on
the efficient frequency up-conversion of one part of a
broadband two-mode squeezed vacuum state of light.
The schematic of the experimental setup can be found in
Fig. 2. First, squeezed vacuum states of light at 1550 nm
are produced by cavity-enhanced degenerate type I opti-
cal parametric down-conversion, also called optical para-
metric amplification (OPA). The squeezing bandwidth
is determined by the cavity bandwidth. The squeezed
states are subsequently mixed with the vacuum mode at
a variable beam splitter (VBS), to generate entanglement
between the reflected and transmitted mode [27]. The
transmitted mode is mode-matched to the sum-frequency
generation cavity (SFG), which is pumped with a strong
coherent field at 810 nm. In the SFG the 1550 nm signal
field is up-converted to 532 nm, while its quantum prop-
erties are maintained [28, 29]. The up-converted mode is
analyzed at a balanced homodyne detector (BHD) uti-
lizing a local oscillator at 532 nm. A local oscillator at
1550 nm is used to analyze the reflected mode of the
VBS at a second BHD. Further details about the various
components of the setup can be found in [26, 30, 31].
The entanglement of the two light beams at 532 nm
and 1550 nm can be conveniently characterized by the
quantity I, introduced by Duan et al. [32],
I = Var[Xˆ1550 + Xˆ532] + Var[Pˆ1550 − Pˆ532], (1)
where Xˆλ and Pˆλ denote the amplitude and phase
quadratures, respectively, of an optical beam at wave-
length λ. The quadrature variances are normalized such
that Var[Xˆ] = Var[Pˆ ] = 1 for vacuum, and I < 4 certi-
fies the presence of entanglement of the two beams [32].
The variances of linear combinations of quadratures ap-
pearing in Eq. (1) characterize correlations between in-
dividual modes of a two-mode quantum state. A simple
theoretical model yields
Var[Xˆ1550 + Xˆ532] = 2− (1− V−)(tτ532 + rτ1550)
2,
Var[Pˆ1550 − Pˆ532] = 2 + (V+ − 1)(tτ532 − rτ1550)
2.
(2)
Here V− and V+ denote the variances of squeezed and
anti-squeezed quadratures of the input state to the VBS.
The amplitude transmittance and reflectance of the VBS
are denoted by t and r, respectively. The effective overall
amplitude transmittances of the two output modes of the
VBS, including final detection efficiencies in each of the
BHDs, are denoted as τ532 and τ1550.
In the experiment, the variable beam splitter is tuned
such that the anti-squeezed noise is fully canceled in the
difference of the phase quadrature amplitudes Pˆ1550 −
Pˆ532. This is achieved when tτ532 = rτ1550, and in this
case the variance of the difference in phase quadratures
reaches the vacuum noise level, Var[Pˆ1550 − Pˆ532] = 2,
see point D in Fig. 3. Within the error bars of our ex-
periment, this setting also provides the strongest Gaus-
sian entanglement as quantified by I. Indeed, it follows
from Eq. (2) that, for this setting, entanglement is cer-
tified and I < 4 whenever the input state is squeezed
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FIG. 3. (Color online) Characterization of our unconditional
quantum interface. Shown is the sum of the two BHD signals
at 5 MHz sideband frequency. While the phase φ of the BHD
at 532 nm was continuously scanned, the phase of the BHD at
1550 nm was set to measure the squeezed quadrature ampli-
tude Xˆ1550 (ii, red trace) or anti-squeezed Pˆ1550 quadrature (i,
blue). The four extremal points represent the following mea-
surement settings: A: Var[Xˆ1550+Xˆ532], B: Var[Xˆ1550−Xˆ532],
C: Var[Pˆ1550 + Pˆ532], D: Var[Pˆ1550 − Pˆ532]. The orange trace
(iv) was recorded when the 532 nm phase was also fixed, re-
vealing stable nonclassical correlations about 5.5 dB below the
vacuum level (iii, black). Note that the traces were recorded
successively, and there is no actual meaning in the relative
positions of the minima and maxima. None of the traces was
corrected for our detection scheme’s dark noise (v, gray).
and V− < 1. A more detailed theoretical analysis, how-
ever, reveals that the minimum value of I is attained at a
marginally different beam splitter tuning [33]. In our ex-
periment, the variable beam splitter sent a larger fraction
of the squeezed input state to the entanglement interface
to compensate for the non-perfect SFG conversion effi-
ciency, as well as the non-perfect quantum efficiency of
the photo diodes at 532 nm, both of which were approx-
imately 90%. In contrast, the mode at 1550 nm has less
downstream losses, on the order of 12%, dominated by
the visibility of the balanced homodyne detector.
The sum of the two BHD outputs is analyzed in a spec-
trum analyzer, providing noise powers of joint quadrature
amplitudes that are proportional to the joint operator
variances, over a range of sideband frequencies. A zero
span measurement of the revealed correlations at a side-
band frequency of 5 MHz is shown in Fig. 3. While the
phase of the 1550 nm BHD was set such that it mea-
sures the squeezed Xˆ1550 quadrature (on an auxiliary
spectrum analyzer), the phase φ of the homodyne de-
tector at 532 nm was scanned. The noise of the sum
of the two detector signals is shown in red and strong
correlations of about 5.5 dB below the vacuum noise are
visible. When the phase of the 1550 nm BHD is set to
measure the anti-squeezed Pˆ1550 quadrature, the noise of
the BHD sum only drops to the vacuum level. The orange
trace represents a measurement, where the quadrature at
1550 nm is squeezed and the 532 nm phase is set such
that the minimum noise is measured, i.e. when φ = 0 so
that Xˆφ532 = Xˆ532. The measured correlations of −5.5 dB
in the first measurement and 0 dB in the second yield a
Duan value of 2.56, which is significantly below the clas-
sical limit 4.
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FIG. 4. (Color online) Spectral characterization of the en-
tanglement interface. Trace (i) shows the spectrum when
Var[Pˆ1550 − Pˆ532] is detected, corresponding to point D from
Fig. 3. Trace (ii) shows the spectrum for Var[Xˆ1550 + Xˆ532],
corresponding to point A from Fig. 3. Normalized variance
values below zero, the vacuum reference, signify nonclassical
correlations. The bottom trace (iii) shows the dark noise of
our balanced homodyne detector.
To analyze the spectral properties of the correlations,
the frequency dependence of the sum signal was mea-
sured and is shown in Fig. 4. Therefore, the phase
of the 1550 nm field was set to measure the squeezed
(red trace) or anti-squeezed (blue) quadrature while the
532 nm phase was set to measure the minimum noise in
the sum signal. More than 3 dB of correlations below the
vacuum noise are measured up to a sideband frequency
of about 20 MHz.
Entanglement was generated in our experiment by
sending the squeezed vacuum state to a beam splitter,
and mixing it with the vacuum state. The maximum
strength of correlations between the output modes is lim-
ited in this method, but it was still sufficient for our
proof-of-principle demonstration. Generating two-mode
entanglement that is not limited in this way, in the orig-
inal sense meant by Einstein, Podolsky and Rosen [34],
only requires mixing two squeezed vacuum fields on a
beam splitter. A fully controlled such source of EPR en-
tanglement [35] has previously been demonstrated by our
group [36]. Integrating it with the up-conversion set-up
is technically more involved but straightforward in prin-
ciple.
4The storage of optical states in quantum memories is
a key technology in setting up long-distance quantum
networks [37]. With minimal modifications, our current
setup could be easily matched to any frequency single-
mode CV quantum memory having a bandwidth in the
MHz regime [38]. The optical bandwidth can be varied
by changing the mirror reflectivities of the squeezed light
source and up-conversion cavities. The optical frequency
of the up-converted states can easily be changed by vary-
ing the frequency of the pump field. These capabilities
are necessary to achieve high efficiency when integrating
an optical entanglement source with a quantum memory.
Multi-mode quantum memories are also being inves-
tigated, particularly to achieve reasonable long-distance
data transfer rates when they are used as quantum re-
peaters [39, 40]. Frequency multi-mode operation has re-
cently been demonstrated with quantum memories based
on atomic frequency combs (AFC) in rare-earth ion
doped materials, and in principle these quantum memo-
ries could have a total accessible bandwidth in the range
of hundreds of GHz [39, 41]. The total bandwidth of the
states used in our approach can be multiplexed [24] to
take advantage of a large section of a multi-mode stor-
age capacity. In this sense a larger bandwidth implies a
larger frequency space in which to encode distinct modes,
and a nonclassical noise suppression of more than 3 dB
over a bandwidth exceeding a GHz has been achieved at
1550 nm [42].
Another promising application that could take advan-
tage of our interface is for continuous-variable quantum
computing in atomic memories using time-frequency en-
tangled quantum modes [25]. The proposal is based on
the cluster-state quantum computing approach, which re-
quires a large resource state with multi-mode entangle-
ment. A squeezed vacuum field such as the one we char-
acterized has a broad sideband spectrum that could be
used for encoding these time-frequency quantum modes.
In conclusion, we present an entanglement-preserving
interface for multi-color quantum optical networks. Our
result demonstrates that current techniques in nonlin-
ear optics enable the efficient frequency conversion of
half of an entangled two-mode state. As a proof-of-
principle, we up-converted from the near-infrared to the
green spectrum, producing CV entanglement between
continuous-wave light fields at 1550 nm and 532 nm. Up
to 5.5 dB of nonclassical correlations with a bandwidth
of about 20 MHz were maintained during the conversion
process. The bandwidth can be increased by widening
the cavity linewidths, and the strength of the nonclas-
sical correlations can be further improved by reducing
optical loss due to imperfect PIN photo diodes, cavity
mode matchings and absorption in nonlinear crystals.
The demonstrated entanglement interface in combination
with quantum memories operating at visible wavelengths
thus represents a promising and flexible alternative to di-
rect quantum storage of telecom photons [41, 43]. We
consider our work to be an important building block for
future multi-color quantum networks, which may further
include CV as well as DV concepts.
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